An acid-fast, slow-growing scotochromogenic mycobacterium was isolated from a medium specific for hydrogen-utilizing chemolithotrophs. The organism grew well in pure culture in simple mineral salts media under an atmosphere of hydrogen, oxygen, and carbon dioxide. No growth occurred in the absence of the gas mixture unless organic substrates were added. Four tested strains of the tap-water scotochromogen, Mycobacterium gordonae, were also able to grow autotrophically, whereas none of eight tested strains of M, scrofulaceum grew using hydrogen. Twenty-one other mycobacterial strains were negative for autotrophic growth; a strain of M. xenopi grew very slowly. The isolated scotochromogen conformed to the properties of M. scrofuzaceum except for its ability to grow at 19 C and its autotrophic ability. This organism exhibited two major colony types. During autotrophic cultivation, a flat, rough colony form was dominant; heterotrophic cultivation caused a population shift t o a smooth, domed variety. The two colony forms exhibited qualitatively similar biochemical properties, and the unusual rough-t o-smooth transition seemed to correlate with the quantitatively enhanced heterotrophic growth capacities of the smooth strain. Rough-tosmooth variation was reversible, and predominantly smooth inocula gave rise to predominantly rough populations under conditions of chemoautotrophy. The ability to grow autotrophically may be a useful characteristic for distinguishing the saprophytic scotochromogens from the more pathogenic strains.
A number of reports (2, 5, 10) indicate the ability of some members of the order ActinomycetaZes to grow autotrophically in mineral salts media under an atmosphere of hydrogen, oxygen, and carbon dioxide. Some early studies reporting autotrophic growth of mycobacteria attempted t o correlate this ability with hydrocarbon utilization, and the strains of mycobacteria were generally reported to be rapid-growing soil and water saprophytes (2, 10). One study listed a "tap water" type among some mycobacterial strains found t o grow autotrophically ( 10); other strains were identified as members of the genus Nocardia (5). However, we are not aware of any detailed investigation of autotrophic capacities among the slowgrowing mycobacteria. In addition, there have been no reports suggesting the importance of the chem olitho t rophic capacity for distinguishing the normally saprophytic tap-water scotochromogen Mycobacteriurn gordonae from the similar but more commonly pathogenic M. scrofulaceum and from other mycobacteria
The chemolithotrophic capacity of M. gordonae and a new scotochromogenic isolate and ( 12). the results of some physiological studies with rough and smooth variants of the isolated mycobacterium are included in this report.
MATERIALS AND METHODS
Bacterial strains. The mycobacterial strains employed in the present study and their sources are listed in Table 1 . Strains AU and 6Y are rough and smooth variants, respectively, of the mycobacterium originally isolated as a contaminant in an autotrophic culture.
Media and growth conditions. The chemolithotrophic growth medium consisted of 0.1% (NH,),-SO,, 0.02% MgSO, 7H,O, and 0.001% Fe(NH,),-(SO, ), 6H, 0 in 0.04 M potassium phosphate buffer, pH 6.7. The ferrous salt was prepared as a concentrated stock solution in deionized water (adjusted to pH 3.0 with HCl) and was sterilized with a 0.45-pm membrane filter (Millipore Corp., Bedford, Mass.) . It was added to the autoclaved and cooled mineral salts solution t o the designated concentration. For autotrophic growth, 250-ml Erlenmeyer flasks containing 100 ml of mineral salts medium were inoculated and incubated under an atmosphere of 50% H,, 10% CO,, and 40% air or 50% H,, 10% CO,, 20% 0,, and 20% N,. For autotrophic cultivation on solid media, 0.85% Ionagar no. 2 (Colab) was added to the mineral salts medium. The gas mixture was continuously 338 supplied to the culture flasks or vacuum jars through a manifold from a gas reservoir and was maintained at slightly greater than atmospheric pressure as previously described (1). For heterotrophic growth in liquid media, Middlebrook 7H9 broth (Difco) enriched with oleic acid, bovine albumin fraction V, Dglucose, beef catalase, sodium chloride (OADC, Difco), and 0.2% glycerol (Difco) was employed. Cells from Middlebrook 7H10 agar slants (enriched with glycerol and OADC as described by Difco) were inoculated into enriched 7H9 broth and grown for 2 to 3 days at 35 C during which time the turbidity increased 3-to 4-fold. These broth cultures were then used to inoculate tubes containing 10 ml of enriched 7H9 broth to an optical density at 540 nm (OD, o ) of 0.05. Growth was monitored by following the increase in turbidity at 540 nm, using a Spectronic 20 colorimeter (Bausch and Lomb). An OD,,, of 0.3 corresponded to 2.1 X 10' colony-forming units (CFU)/ml and a cellular dry weight of 0.13 mg/ml for heterotrophically grown cells (7H9 broth) and 3.7 X l o 7 CFU/ml and 0.18 mg (dry weight)/ml for autotrophically grown cells. The wide disparity in the CFU and dry weight values of heterotrophic and autotrophic cultures is probably explained by the granular nature of the autotrophic broth cultures (causing higher cell mass and lower CFU per OD unit than the smooth heterotrophic cells).
For maintenance of cultures, plate counts, and observation of colony morphology and pigmentation, enriched 7H10 agar was generally employed. In designated instances, Lowenstein-Jensen medium (Difco) or Micro Inoculum broth (Difco) was employed.
Tests for utilization of organic substrates. Inocula were prepared by growing cells in 7H9 broth at 35 C for 2 to 3 days, washing by centrifugation, and resuspending in sterile mineral salts medium without iron. A single organic compound, autoclaved separately in deionized water, was added to mineral salts medium to the designated concentration. The inoculated tubes were incubated at 35 C with shaking. During growth experiments, all cultures were checked for contamination by streaking on tryptic soy agar (Difco) plates and by acid-fast staining.
Biochemical tests and serology. The production of niacin was determined by TB niacin test strips (Difco). Nitrate reduction was detected by growing cells in indole-nitrate broth (Difco), acidifying the culture with one drop of a 1:l dilution of concentrated HC1, and adding two drops of 0.2% sulfanilamide and 0.1% a-naphthylamine. This method yielded results identical to those reported using the standard mycobacterial nitrate reduction test (8). Control strains known to possess nitrate-reducing ability produced positive reactions after 2 to 4 h of incubation, whereas known PARK AND DeCICCO INT. J. SYST. BACTERIOL.
negative strains gave negative reactions even after 24 h of incubation in the indole-nitrate medium. Catalase activity (17, 18) and Tween 8 0 hydrolysis (16) were tested according to the methods of Wayne, and urease activity was determined according to the method of Singer and Cysner (15) by using cells grown on 7H10 agar slants. Tellurite reduction was determined by adding two drops of a sterile 0.2% solution of potassium tellurite to a 7-day-old culture in 7H9 broth and incubating at 35 C (8).
Serotyping of strains AU and 6Y was performed by E. Wolinsky and W. B. Schaefer using the procedures of Schaefer (13).
Effect of pH on growth. The same mineral salts medium used for autotrophic growth was employed to determine the effect of pH on autotrophic growth. The 0.04 M potassium phosphate buffer used as the mineral medium base was adjusted t o produce media with initial pH values between 5.5 and 8.5. Cells were grown autotrophically at room temperature for 17 days, harvested by centrifugation, resuspended in mineral salts medium without iron (pH 6.7), and used as inocula. For each pH tested between 5.5 and 8.5, 100 ml of mineral salts medium in a 250-ml Erlenmeyer flask was inoculated to an OD (calculated) of 0.006 and incubated at room temperature under an atmosphere of 50% H,, 10% CO,, 20% 0,, and 20% N*.
RESULTS
Isolation of rough and smooth strains. Strains AU and 6Y were derived from a single contaminating organism in a 2-month-old continuous culture of a nonpigmented, hydrogenutilizing chemolithotrophic bacterium. The organism was noticed as an orange-pigmented pellicle attached to the gas sparger just above the liquid surface and was purified by repeated cloning onto tryptic soy agar.
The newly isolated organism grew slowly on 7H10 agar, Micro Inoculum agar (made by adding 15 g of agar [Difco] per liter to Micro Inoculum broth), or Lowenstein-Jensen egg medium at 35 C. It formed barely visible colonies in 4 to 5 days and large colonies in 2 to 3 weeks. The organism was strongly acid fast and was identified as a yellow scotochromogen (Table 2) .
Originally the isolated strain formed rough colonies on autotrophic agar or tryptic soy agar, but after prolonged incubation on certain heterotrophic media, especially Micro Inoculum agar or enriched 7H10 agar supplemented with 0.1% aspartic acid, smooth, more intensely pigmented colonies grew out of the rough colonies. Both colony types were capable of autotrophic growth. Since the rough culture grew better than the smooth isolates under chemolithotrophic conditions, the original rough strain was designated as strain AU (for autotrophic), and one of the smooth clones was designated 6Y. When strain AU was grown autotrophically and then spread onto 7H10 agar plates and incubated at 35 C for 25 days, the great majority of colonies were rough, flat, and light yellow in color. A small number of smooth, domed colony types usually were observed growing out of the rough colonies, and these papillae continued to grow until they were much larger than the surrounding rough types. The occurrence of smooth variants seemed to be a function of the richness of the medium. Autotrophic cultures spread on media which did not support luxurious growth, such as tryptic soy agar, did not give rise t o significant numbers of smooth colonies. Cultures on 7H 10 agar or Micro Inoculum agar yielded larger numbers of outgrowing smooth colonies. This suggests that the smooth colony variants are due to mutation and that the rough parent strain has to attain large populations on Characteristics of strains AU and 6Y. The reactions of strains AU and 6Y t o some of the key differentiating tests used for the identification of mycobacterial strains (7, 19, 20) are shown in Table 2 . Both rough (AU) and smooth (6Y) types were identical with respect to those characters tested. Growth as observed on 7H10 agar slants and plates wrapped with aluminum foil and incubated at 35 C revealed both strains t o be slow-growing scotochromogens, strongly catalase positive, but negative for hydrolysis of Tween 80. Both AU and 6Y grew autotrophically in liquid media and on mineral salts Ionagar plates under the autotrophic gas mixture. Neither strain produced niacin, and both strains were unable t o reduce nitrate and potassium tellurite. Utilization of organic substrates. Since heterotrophic media seemed t o favor the proliferation of the smooth strain, the two strains were tested for their capacity to grow by utilizing a number of organic substances as single sources of carbon and energy. The results revealed no qualitative distinctions between the strains, but some quantitative differences were observed ( Table 3) . Both strains could utilize glucose, 
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a All substrates were in mineral salts medium at a concentration of 0.1% except for propionic acid, which was at a concentration of 0.01%.
All tubes were initially inoculated to an OD, of 0.05; (-) indicates no increase in turbidity within 30 days.
The numbers before the (+) signs indicate the relative amount of growth compared with the AU culture using the same substrate. Fig. 1 . Growth under these conditions was superior to growth at room temperature or 30 C with shaking or at any of the three temperatures without shaking. The doubling times for the initial, rapid growth phase were 6.6 h for strain AU and 6.9 h for strain 6Y; however, growth rapidly slowed to yield mean generation times over the first 24-h period of approximately 10.7 h for both strains. The growth of AU always leveled off at lower cell densities than did 6Y, supporting similar observations on heterotrophic agar plates as mentioned above. Heterotrophic growth of M. gordonae E 0 2 closely paralleled that of 6Y.
Chemolithotrophic growth in liquid media. When inoculated directly from a 7H10 agar slant into autotrophic media (pH 6.7), both strain AU and strain 6Y experienced a 5-t o 6-day lag before significant growth occurred. When inoculation was from an autotrophically grown culture, exponential growth began without a lag (Fig. 1) . The generation times during the initial period of growth by the preadapted cells were 3.3 days for strain AU and 4.9 days for strain 6Y. A sudden increase in growth was observed when the oxygen concentration was increased from 8 to 20%, suggesting that oxygen became limiting in our system at an OD of approximately 0.3 to 0.5, the cell density at which exponential growth ended.
Effect of pH on chemolithotrophic growth. When strain AU was inoculated into mineral salts media of different pH values and grown under autotrophic conditions, optimal growth was obtained with media containing an initial pH of 7.0 after 15 days and with a medium at pH 6.5 after 25 days (Fig: 2) . The initial pH values decreased by as much as 0.35 to 0.45 U during the 25-day incubation. The size of the inoculum had no significant effect on the optimal pH for growth. We therefore concluded that the pH 6.7 mineral salts medium which we were using was near optimum for autotrophic growth studies.
Chemolithotrophic growth on solid media. Since strains AU and 6Y were identified as scotochromogens, we tested a number of other strains of mycobacteria, both scotochromogens a n d n o n -s c otochromogens, for chem olithotrophic capacity. For these studies we first determined that strains AU and 6Y exhibited luxurious growth when streaked onto mineral salts-Ionagar plates and incubated in a vacuum jar under an atmosphere of 50% Hz , 10% COz , and 40% air. Growth could be observed on plates incubated at 35 C in 4 to 5 days and was heavy by 20 days. No growth was observed if the gas atmosphere was replaced by air, demonstrating that there was not sufficient contaminating organic matter to support visible growth. In addition to strains AU and 6Y, 34 other mycobact erial strains were tested on solid media for their capacity t o grow autotrophically with hydrogen at 35 C and at room temperature ( Table 1) The one strain of M. xenopi that was tested showed slight growth on the mineral agar after 29 days and thus seemed capable of very slow autotrophic growth. However, this organism was distinguishable from the other autotrophic strains by its ability to grow at 45 C (Table 1) .
Results with some selected characters revealed that strains AU and 6Y resemble M. gordonae and differ from M. scrofulaceum in their ability to grow at 19 C. However, strains AU and 6Y resemble M. scrofulaceum in their inability to hydrolyze Tween 80 in 10 days (Table 1) and their positive urease test (Table  2) . Also, serological studies revealed that both strains were agglutinated by M. scrofulaceum antisera. Figure 3 shows the autotrophic growth of strains AU and 6Y and the four strains of M. gordonae on agar plates. Six of the eight tested strains of M. scrofulaceum were inoculated on this same plate in the areas between strains AU and 6Y and the M. gordonae strains t o demonstrate the distinctive nature of this test. The photograph was taken after 20 days of incubation at 35 C.
DISCUSSION
The important role medium composition plays in the colony morphology of mycobacteria and the variations in biochemical activity 10% CO, , 20% 0, , and 20% N, . I , 3, 5, 7, 9, I I : M. gordonae strains TMCI318, TMCI319, TMCl324, E 0 2 , strain AU, and strain 6Y, respectively. 2, 4 , 6 , 8, 10 and 12: M. scrofulaceum strains TMCI 302, TMCI 305, TMCI 306, TMCI 307, TMCI 314, and E03, respectively. of rough and smooth mycobacteria have previously been reported4 (3 , 9). Our observations on the stimulation of the autotrophic growth rate by increased oxygen partial pressures and the need for adequate aeration to maximize growth in liquid media resemble the oxygen effect on mycobacterial growth as noted by Halpern and Kirchheimer (4) . The outgrowth of smooth colony forms from rough cultures is apparently quite unusual and seems to be due t o some nutrient limiting the growth of the rough organisms, since the rough colonies cease growing long before the smooth colonies reach full size. The superior capacity of smooth organisms t o use some unidentified substrate may be responsible for this effect, or the ability of smooth forms t o grow better in low oxygen pressures may be a factor. We suspect that oxygen is limiting during cultivation in liquid media because of the growth rates seen in Fig.  1 . For example, doubling times of 3 t o 5 days during autotrophic growth cannot account for the appearance of tiny colonies on autotrophic agar after only 12 to 15 days. Assuming that these colonies developed from only one or a small number of cells, we estimate that a doubling time of 12 to 20 h would be necessary. The availability of oxygen to surface cultures on agar plates may explain the difference.
A cooperative numerical taxonomic analysis of the slow-growing scotochromogenic mycobacteria (Runyon's group 11) revealed four clusters (20) . Three of these conformed to named species (M. flavescens, M. gordonae, and M. scrofulaceum). It is suggested that a fourth cluster consisting of four strains may comprise a new species. Twelve characters seemed to differentiate most strains of M. gordonae from M. scrofulaceum. Of these, Tween hydrolysis and phosphatase activity were most definitive, Tween hydrolysis being the only character that differentiated all strains of both species (20) . Strains AU and 6Y were negative for Tween hydrolysis and positive for urease; these results place these strains with M. scrofulaceum (7, 19, 21, 22) . However, their ability to grow at 19 C is a character associated with M. gordonae. The chemolithotrophic capacity was definitive in differentiating four strains of M. gordonae from eight strains of M. scrofulaceum. Based on the four characters mentioned (urease, Tween hydrolysis, growth at 19 C , chemolithotrophy), strains AU and 6Y would seem to be intermediate between these two species. Yet they do not fit the intermediate cluster of Wayne et al. (20) because of their inability to hydrolyze Tween 80 and their positive urease reaction. Their origin as air contaminants suggests that they are soil or water saprophytes, as commonly is the case with M. gordonae. Growth at 19 C also seems t o be a trait more associated with saprophytic types, whereas the opposite is generally true for clinically important organisms. The serotype numbering scheme proposed by Wolinsky and Schaefer, which is based on serological agglutination (23) , would eliminate the necessity for a species name in favor of an arabic number under the heading "M. aviurn Complex." According to this scheme, the isolated organism is related to M. scrofulaceum and belongs t o sereotype 41 (E. Wolinsky, p erson a1 communication).
Autotrophic microorganisms are generally isolated from soil and water where this ability may play a role in allowing these organisms t o exist under diverse environmental conditions. While one cannot generalize on the basis of a single strain, the yellow pigmentation and (slow) autotrophic growth of M. xenopi may indicate that this organism bears some relationship to the autotrophic, saprophytic scotochromogens described in this report. One intriguing possible exception is the recent suggestion that M. Zeprae might grow chemoautotrophically during its intracellular existence ( 6 ) , but this conclusion, based on the presence of high levels of ribulose-diphosphate carboxylase and little or no reduced nicotinamide adenine dinucleo tid e oxidase and 2 -0xoglut ara t e dehydrogenase, needs t o be confirmed.
We suggest that chemolithotrophic growth may be a useful character for differentiating saprophytic from potentially pathogenic or other clinically significant strains of scotochromogenic mycobacteria (14, 20, 22) . Whether this distinction will remain highly significant will depend upon the results of more extensive studies. In this regard, two saprophytic scotochromogenic mycobacteria isolated in Japan and listed as M. cuneatum (ATCC 2 1498) and M. petrozeophilum (ATCC 21497) are reported t o grow autotrophically (E. H. Runyon, personal communication) . The final resolution of the autotrophic mycobacteria and their relationship to the presently established taxa must await further genetic, biochemical, and serological (1 1, 13, 20) studies.
